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Abstract
Wildfires are a common occurrence in the boreal ecosystems of the Pacific Northwest.
Studies suggest that anthropogenic climate change has fostered more frequent and higher
severity fires in recent decades in these forests, which may result in substantial changes in
vegetation structure and ecosystem functioning. However, large-scale studies examining the
linkages between changing boreal wildfire regimes and vegetation structure have historically
been limited in spatial scope due to the broad area and inaccessibility of many boreal regions,
including the Alaskan interior. The development and advancement of satellite remote sensing
instruments and geospatial analysis techniques provide researchers with unmatched abilities to
conduct large-scale studies of boreal fire-vegetation dynamics. This research utilizes publicly
available multispectral Landsat imagery, Synthetic Aperture Radar imagery, Digital Elevation
Models, wildfire perimeter data, and landcover classification products to gain insights into the
linkages between climate, wildfire, and vegetation throughout the entire boreal ecoregion of
Alaska. Analyses utilizing existing wildfire and landcover geospatial products suggest significant
declines in both fire-adapted black spruce-dominated forests and fire-resistant deciduous forests
from 2001 to 2016, of -50.0% and -19.3% landcover area, respectively. However, post-fire
recruitment of deciduous forests far exceeds evergreen forest types in regions that had
experienced one fire (3.4 times more likely) and two or more fires (4.9 times more likely),
between 1970 and 2019. Novel spectral unmixing and fractional coverage analyses using
evergreen, deciduous, and early successional endmembers yielded significant monotonic
declines in the change in pixel proportion of evergreen forests as a function of wildfire
frequency, with -2.36%, -25.35%, and -35.15% for areas of zero, one, and two or more fires,
respectively. In contrast, deciduous changes in pixel proportion exhibited higher degradation in
non-fire regions (-6.23%) than evergreens, lower magnitude decreases in single-fire areas (-

21.59%), and a significant rebound in coverage in regions that burned two or more times over the
study period (-10.04%). These findings suggest that deciduous forests are more resistant to
wildfire than evergreen-dominated systems, and their recruitment following evergreen-fueled
wildfires may moderate the frequency and severity of subsequent local fire regimes.
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1. Introduction
Global mean temperatures have been increasing at an average rate of 0.07 °C per decade
since the 1880s, with an accelerated rate of 0.18 °C per decade since 1981 (NOAA, 2019). The
rate and magnitude of climate change is amplified in the high latitudes (Arctic Amplification;
Serreze & Barry, 2011), and boreal forests have warmed at nearly twice the rate of the global
average during the last 30 years (IPCC, 2014). Understanding the environmental impacts of
enhanced climate change on high-latitude boreal forest ecosystems is critical, as these regions
comprise only ~10% of Earth’s terrestrial surface yet contain nearly ~30% of Earth’s soil carbon
stocks (Apps et al., 1993; McGuire et al., 1995, 2009). In boreal ecosystems that have a long
history of burning, such as the spruce-dominated forests of the Pacific Northwest (Chipman &
Hu, 2019; Hoecker et al., 2020; Kelly et al., 2013), climate-driven fire regimes play a key role in
the long-term source/sink dynamics of carbon storage (Walker et al., 2019; Balshi et al., 2009,
Grosse et al., 2011; Mack et al., 2001, 2021; Schuur et al., 2013). Given that temperature is the
strongest predictor of wildfire probability globally (Moritz, 2013; Liu et al., 2014), these highflammability boreal ecoregions and their associated carbon stocks are particularly sensitive to
temperature-induced fire regime changes (IPCC, 2013).
Summer temperatures are a key driver of the spatial extent, frequency, and severity of
modern boreal fires. In the Alaskan boreal forest, synoptic-scale climate oscillations that impact
summer temperatures are an important control of fire season activity at decadal timescales
through the Pacific Decadal Oscillation, and at the sub-decadal timescales through the El Niño
Southern Oscillation and the Arctic Oscillation (Fauria & Johnson, 2006). While multi-year
variability can be, in part, attributed to these oscillations, annual variation in wildfire activity is
primarily governed by more transient weather-related patterns of temperature and moisture
deficit (potential evapotranspiration – precipitation) (Young et al., 2016). Throughout the
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observational record (1940s-present), the average fire return interval (FRI; years between fire
occurrence at any point on the landscape) in the Alaska boreal forest ranged from 40-160 years,
with localized FRI extremes of <10 years (Drury and Grissom, 2008). However, these average
fire cycles may obscure an accelerating trend of wildfire generation due to warming temperatures
(Veraverbeke et al., 2017). In Alaska, years with high burn area generally occur during
anomalously warm and dry conditions (Young et al., 2016), and the frequency of these years has
nearly doubled since of modern fire recordkeeping began in the 1940s (Kasischke et al., 2010).
Climatologically, warmer summer temperatures increase convective storm frequency in the
Alaskan interior, which generate lightning, the primary ignition source of boreal wildfire
(Veraverbeke et al., 2017; Kasischke et al., 2010). In addition, the increasing summer
temperature trend in this region encourages plant growth, increases fuel connectivity, and
enhances potential evapotranspiration demand, and thus is an important control on the
flammability of fuels. Throughout the North American boreal forest, annual burn areas have
more than tripled from the 1960s to the 2000s because lightning-induced wildfires are occurring
more frequently and, on average, individual fires burn more extensive areas (Kasischke and
Turetsky, 2006). Global climate models suggest more extreme weather conditions in the northern
high latitudes, resulting in an increase in effective fire season length and a resultant tripling of
fire frequency within circumboreal worldwide by the end of the century compared to 1971-2000
(Flannigan et al., 2013).
Although wildfire is an inherently destructive force, fires play a fundamental role in
maintaining boreal forest ecology. In moderation, the benefits of wildfires include the rapid
replenishment of soil nutrients (Foster et al., 2019; Harden et al., 2006, Waldrop et al., 2008), the
maintenance of biodiversity by opening up sunlight-blocking canopies through the creation of
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mosaic landscapes (Turner, 2010), and the protraction of fire-adapted tree species. One of the
dominant boreal forest tree species in Alaska, Picea mariana (black spruce), is particularly well
adapted to wildfire and has evolved several key survival and reproductive fire-adapted traits,
such as regular ladder-like branch distributions along the main trunk, seedbanks, resinous leaves,
and serotinous cones (Viereck, 1983). Forest species are typically well adapted to historical
disturbance regimes (Turner et al., 2019) because adaptation to established disturbance patterns
determines population survival (Keeley & Pausas, 2019). Species that are either well-adapted to
survive or to repopulate after disturbances such as fire have a significant competitive advantage
to species not adapted to fire (Johnstone et al., 2010). The defining trait of fire-adapted
coniferous trees is serotinous cones that allow for seed survival and rapid germination following
wildfires (Greene et al., 1999). However, when fire frequency and severity increase, it can
destroy the seeds or alter the soil organic layer, resulting in reduced post-fire coniferous tree
recruitment (Johnstone & Chapin, 2006). Thus, when climate-driven fire activity increases
beyond the conditions suitable for coniferous recruitment, deciduous species may have a
competitive advantage over fire-adapted evergreens. For example, deciduous species have
greater rooting tolerances and are therefore more successful than coniferous species when
wildfire destroys all but <10 cm of the organic layer (Walker et al., 2017; Johnstone et al., 2010).
An additional source of black spruce recruitment failure occurs when the fire-return intervals are
shorter than the ~50 years needed to develop significant seed capacity (Viglas et al., 2013),
leading to population collapse and deciduous replacement of black spruce (Buma et al., 2013).
The potential for changing climate-driven fire-regimes to alter forest vegetation
composition and structure may have important ecological feedbacks in Alaska boreal forests.
Both paleorecords and modern studies indicate that deciduous recruitment ultimately modifies
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the fire regime beyond climate alone. The linkage between vegetation composition and fire
frequency in Alaska has been observed throughout the last 10,000 years using charcoal-based
fire reconstructions (Kelly et al., 2013). Charcoal accumulation rates (CHAR; # particles cm -2
yr-1) are determined from charcoal deposits in lake sediments. These rates can be used to
approximate local fire frequency and relative biomass burning over thousands of years. CHAR
values from the Yukon Flats, one of the most flammable areas of Alaskan boreal forest today,
were relatively low and stable 10,000–2,000 years ago, subsequently rising to maximum values
~800 years ago. These millennial-scale trends, along with various peaks and troughs at shorter
timescales, were closely matched by paleorecords of black spruce pollen abundance and loosely
inversely related to pollen abundances of deciduous quaking aspen (Populus tremuloides) (Kelly
et al., 2013). These findings corroborate with previous studies of mid-Holocene fire regimes
from the Alaskan Range and south-central Brooks Range (Hu et al., 2006; Higuera et al., 2009),
which show linkages between vegetation composition and fire activity. Modern observations of
boreal systems in Alaska and Canada identified statistically significant reductions in native
boreal flora (black spruce and herbaceous vegetation) caused by increasing fire frequency and/or
drought (Young et al., 2019; Whitman et al., 2019). Both paleorecords and modern observations
thus highlight relationships between (1) the relative abundance of fire-adapted coniferous species
and fire frequency and (2) the decrease in coniferous forest resilience and ultimate stand
replacement by fire-resistant deciduous species.
Paleorecords suggest a cycle wherein increased fire frequency results in forest
supplantation of fire-adapted black spruce with relatively fire-resistant deciduous species, which
serves to modify wildfire regime characteristics. Given the rapid changes occurring in modern
Alaskan boreal forests, we do not know how variable fire frequency will affects future forest
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recruitment and vegetation transitions. In this study, we tested the hypothesis that short-interval
fire regimes encourage the replacement of fire-prone evergreen species with fire-resistant
deciduous stands. Additionally, we examined whether deciduous forest stands moderate the fire
regime, decreasing local wildfire probability. Lastly, we monitored boreal forest resilience of
evergreen and deciduous forests by determining if infrequently burned areas (FRI > 50 years)
remained dominantly evergreen. To understand the relationship between spatial variability in
wildfires and forest types, we use publicly available landcover classification products and
modern wildfire perimeter data for geospatial analyses. Satellite multispectral and radar imagery
are used to compare the spectral properties of coniferous and deciduous forest stands which have
experienced variable wildfire frequency over the past 50 years to gain insights into the role of
wildfires on future forest structure such as species replacement, canopy development, and tree
density.

2. Materials and Methods
2.1 Study Area
The boreal forests comprise 38% of the land surface area in Alaska and are primarily
located in central and south-central Alaska (Figure 1A). The study domain was defined by the
Unified Ecoregions of Alaska shapefile (Nowacki et al., 2003). The spatial extent of the Alaskan
boreal forest includes several ecoregions defined by climate, topography, vegetation patterns,
lithology, and surficial deposits. These boreal subregions are the Alaska Range Transition, Coast
Mountains Transition, and the Intermountain Boreal (Nowacki et al., 2003). The dominant
evergreen tree species are fire-adapted, serotinous black spruce and white spruce. Secondary
species include broadleaf deciduous species such as trembling aspen and paper birch. The
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interior boreal ecosystems of Alaska have unique geographic constraints compared to most other
circumboreal forests. This region is bounded to the south by the Alaska Range and along the
north by the Brooks Range. These mountains form effective barriers to coastal airmasses from
the Gulf of Alaska and the Arctic Ocean, respectively. Expansion of the boreal forest is
physically prevented by the temperature gradient created by the high elevation mountains in the
north and cooler and wetter climates in the coastal areas of the Bering Strait which favors tundra
vegetation (Biernek et al., 2016; Lader et al., 2016; Skamarock et al., 2008).
With the Bering Strait acting as the primary source of moisture in the Alaskan interior,
west to east temperature and precipitation gradients are present when observing 30-year (19812010) mean annual precipitation and summer mean temperatures (June-August) (Figure 1C-D)
(PRISM Climate Group, https://prism.oregonstate.edu/, data accessed June 2021) with
temperature extremes at Fairbanks International Airport ranging from -50 °C to 33 °C (Western
Regional Climate Center, https://wrcc.dri.edu/, data accessed June 2021). Interior Alaska
receives variable precipitation ranging from ~700 mm in the west to ~250 mm in the eastern
extent of the region, of which ~30% is as snowfall (Biernek et al., 2016; Lader et al., 2016;
Skamarock et al., 2008; PRISM Climate Group, 2021) (Figure 1D). The prevailing maritime
winds from Bering Strait generate convective storms and lightening (Veraverbeke et al., 2017).

2.2 Geospatial Datasets
Three landcover datasets were obtained from the National Landcover Database (NLCD,
https://www.mrlc.gov/, data access May 202): NLCD 2001 Land Cover (ALASKA), NLCD
2011 Land Cover (ALASKA), and NLCD 2016 Land Cover (ALASKA). These were used to
identify vegetation change in the boreal ecoregion between 2001, 2011, and 2016. The NLCD
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classification uses Landsat imagery to discern landcover types at 30-m spatial resolution based
on decision tree models, which were trained using multiple vegetation inventories including the
National Wetlands Inventory, Alaska Burned Area Emergency Response, Bureau of Land
Management, field collected data, and a variety of local data sources (NLCD, 2020). These data
products classify landcover in Alaska using two levels of specificity. Level I classes include
Forests, Shrublands, Barren, Water, Developed, Agriculture, Wetlands, and Sedges/Mosses.
Level II classes are subtypes within Level I classes. These include deciduous forests (>75%
deciduous), evergreen forests (>75% evergreen), and mixed forests (<75% of either forest type)
within the Forests class, and shrubs (shrubs <5 m tall) and dwarf shrubs (shrubs <0.20 m tall)
within the Shrublands classes. Accuracy assessments using high-resolution imagery were
collected throughout Alaska over a series of flights. Random pixel samples from each defined
flightpath were used to approximate NLCD thematic accuracy. The 2001 landcover product
reveals accuracies of 83.9% for Level I and 76.2% for Level II classifications (Selkowitz and
Stehman, 2011). Formal accuracy assessments for the 2011 and 2016 have not been performed.
For this study, we clipped the NLCD dataset to include only vegetated pixels (Level I: Forest and
Shrubland) because fires cannot occur on non-vegetated classes and excluded Wetlands and
Agriculture classes because the focus of our study is vegetation succession in forest ecosystems.
These processed NLCD rasters therefore contain five subtypes based on Level II classification:
“Evergreen”, “Deciduous”, “Mixed”, and “Early Successional”, and “Miscellaneous”, which
contains burnable terrain not associated with wildfire forest succession (Figure 2).
Wildfire history perimeter data were collected from the Alaska Interagency Coordination
Center (AICC, https://fire.ak.blm.gov/, data accessed January 2020). This curated dataset
contains all known wildfire perimeters since 1940 with accompanying tabular data including
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year of fire, ignition (human versus lightening), estimated acreage burned, wildfire type, and
primary fuel. We utilized all recorded fire perimeters from 1970-2019 (Figure 1B). Earlier
wildfire data spanning 1940-1969 were not used due to concerns regarding the rates of wildfire
detection and the accuracy of reported burn extents.

2.3 Remote Sensing Datasets
Calculations of Enhanced Vegetation Index (EVI) were collected from Landsat 8
imagery. EVI is used to approximate vegetation biomass through the combination of chlorophyll
detection and canopy structure variation. This vegetation index is more robust than many other
vegetation indexes, and exhibits resistance to instrument oversaturation, atmospheric
interference, and the effects of transient weather and precipitation on biomass estimations (Huete
et al., 2002). The Landsat 8 sensor has a 30-meter spatial resolution and 16-day temporal
resolution. Imagery collected by the sensor in 2016 were downloaded from the Google Earth
Engine (GEE) using the existing “Landsat 8 Collection 1 Tier 1 8-Day EVI Composite”
(https://earthengine.google.com/, data accessed September 2020).
To estimate surface canopy roughness, another proxy for forest biomass estimation,
Synthetic Aperture Radar (SAR) imagery was collected from Sentinel-1a and -1b in the C-band
(4.8 GHz, λ = 6.2 cm) (Rüetschi et al., 2017; Czuchlewski & Weissel, 2005). Sentinel-1 sensors
have a spatial resolution of 10 meters and a combined temporal resolution of six days. Unlike
optical sensors, SAR imagery is collected at off-nadir orientations, which adds complexity when
processing and analyzing the imagery. In addition, various parameters such as radar band,
instrument mode, spatial resolution, polarization, and orbital direction of the satellite contribute
to backscatter in SAR imagery. The available Sentinel-1 image collection on GEE, “Sentinel-1
SAR GRD: C-band Synthetic Aperture Radar Ground Range Detected, log scaling”
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(https://earthengine.google.com/, data accessed October 2020), was chosen because it has
undergone significant and necessary pre-processing for landcover applications such as
corrections for thermal noise, radiometric calibration, and terrain correction using ASTER digital
elevation models. Our study uses the interferometric-wide swath instrument mode imagery at a
10 m resolution for Vertical-Horizontal (VH) polarization during an ascending orbital pass.
The Landsat 8 and Sentinel-1 imagery collections were parsed into spring, summer, fall,
and winter periods which highlight different phases of deciduous and coniferous canopy
development. Most notably, Spring and Fall composite imagery, which consist of images from
April-May and August-September, coincide with seasonal leaf-out and senescence for deciduous
species. Representative rasters were created for each sensor and season by averaging the rasters
within each seasonal imagery collection. Overall, seven Landsat 8 EVI mean composites were
utilized for each season while final seasonal Sentinel-1 products utilized 31, 14, 38, and 30
images for spring, summer, fall, and winter, respectively. By default, GEE exports rasters in the
WGS 1984 Geographic Coordinate System (EPSG: 4326). Additionally, because of the large
spatial extents of both Landsat and Sentinel images, each exported raster from GEE was
automatically split into two tiles. In ArcGIS, each tile pair were mosaicked together and
reprojected to the Alaska Albers Equal Area projection (EPSG: 3338) using the Mosaic to New
Raster geoprocessing tool. Projection transformations to Alaska Albers Equal Area projection
were applied to all imagery and other utilized datasets because in addition to preserving area, it is
the standard projection for Alaska studies in academia and government.

2.4 Geospatial Analyses of Temporal Trends in Wildfire and Landcover
Discriminating the effects of climate and wildfire on vegetation succession patterns in the
study domain was completed using the 2001, 2011, and 2016 NLCD datasets and the AICC
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wildfire perimeters spanning 1970-2019. Analyses of landcover change in regions of no recorded
fires since 1970 and regions of one or more fires over the study period allows for discerning
climate-induced vegetation change versus wildfire-induced vegetation change. Furthermore, we
identified how various vegetation classes (evergreen, mixed, deciduous, and early successional)
were 1) preferentially burned, and 2) how those parcels of land were subsequently repopulated.
The NLCD landcover classes for the 2001, 2011, and 2016 datasets were reassigned
numerical values (Miscellaneous = 0,0,0; Deciduous = 1,10,100; Evergreen = 2, 20, 200; Early
Successional = 3, 30, 300; and Mixed = 4, 40, 400) (Figure 3, Step 1). Using the raster calculator
in ArcGIS Pro 2.7.1, the three landcover datasets were processed into a new raster encoding all
possible three-step landcover evolutions as a unique pixel value (Figure 3, Step 2), which was
used to inform other analyses in this study. Two subsequent geospatial analyses utilized this
“evolution raster”. The first analysis spatially defined transitions from one landcover class to
another by grouping these three-step transitions into “flows” toward certain endmember
landcovers (coniferous, deciduous, and early successional) (Figure 3, Step 3; and Figure 4). This
raster was clipped to regions of zero, one, and two or more wildfires, as determined by the AICC
wildfire overlap analysis, and the proportional change in landcover between years for each bin of
wildfire occurrence was calculated. A second analysis utilized pixels representing evergreen to
deciduous landcover change from 2001 to 2016 to create a heatmap by converting these pixels to
shapefile points and using the heatmap visualization option in ArcGIS (Figure 5). The spatial
distribution of vegetation transitions from this heatmap analysis was used to determine the study
domain for the following remote sensing analyses.
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2.5 Remote Sensing Analyses
2.5.1 post-fire recruitment for landscape transitions
Landsat 8 EVI (i.e., biomass estimates) and Sentinel 1 SAR (i.e., canopy roughness)
rasters along the US-Canada border, where the heatmap (Figure 5) showed the highest density of
coniferous to deciduous landscape conversions, were clipped to combinations of zero, one, or
two or more wildfires, in Evergreen-Evergreen and Evergreen-Deciduous transitions between
2001 and 2016 (six total classes) (Figure 6). A limitation of ArcGIS Pro is that raster histograms
can only be exported as integers. To minimize data loss for continuous EVI and SAR values, the
Landsat and Sentinel rasters were multiplied by 100 and 10, respectively. This ultimately
resulted in 201 and ~400 bins for Landsat and Sentinel images, respectively. These histograms
were exported as .csv files and imported into R for two-tailed, one-way ANOVA (α = 0.05) and
Tukey HSD (α = 0.05) analyses. The first set of tests determined if there was a significant
difference in canopy development for areas that underwent evergreen to deciduous conversion
and areas that remained evergreen for both Landsat 8 EVI and Sentinel-1 SAR VH Spring and
Fall imagery. A second set of tests determined if EVI and SAR backscatter returns differed as
function of fire frequency within transitioned or non-transitioned areas as a function of zero, one,
and two or more wildfires since 1970. Summer imagery (June-July) were not used for
distinguishing coniferous and evergreen forests because the spectral signatures of these forests
significantly converged as these forest types established canopy coverage. Likewise, the Winter
imagery (December-January), despite being nominally the best period to parse these forest types
because of winter leaf abscission for deciduous versus marcescent needles for conifers, also
proved difficult for climatic reasons. Specifically, snow and cloud cover precluded the use of
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optical sensors while differential dielectric properties between vegetation and snow resulted in
hindered capacity to discriminate forest phenology.

2.5.2 fractional coverage analysis of landcover endmembers

For the subset of the study domain which was determined as a region of high deciduous
recruitment from the heatmap (see section 2.4), we extracted multispectral bands directly from
Landsat imagery. GEE was used to process Landsat 7 and Landsat 8 Tier 1 collection 1 Surface
Reflectance imagery coinciding with the 2001 and 2016 NLCD landcover products. These
Landsat 7 and 8 collections have been pre-processed to the L1TP level. This includes
atmospheric correction (cloud shadow, water, and snow masking) and terrain correction using
ASTER DEMs. Landsat 7 imagery from fall (August-September), with a cloud coverage
percentage less than 25%, was collected along the US-Canadian border (Figure 7). We retained
sensor bands corresponding to Blue, Green, Red, Near Infrared, and Shortwave Infrared (bands
1–5) from this collection. The remaining 26 unique Landsat 7 multiband images were averaged
together, by band, to create a representative five band raster. Landsat 8 imagery from Fall 2016
underwent the same image processing routine using the corresponding bands (bands 2–6) and
resulted in the compositing of 13 multiband images. These images were exported for further
processing in ArcGIS Pro, where they were reprojected to the NAD 1983 Alaska Albers Equal
Area conic projections (EPSG: 3338).

To create training data for sub-pixel analyses, the Fall 2001 and 2016 Landsat multi-band
images were clipped to the NLCD evolution raster, which masked out irrelevant landcover
classes such as water and barren surfaces and resulted in pixels containing only forests and early
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successional shrublands. The images were then separated into areas that were north-facing (270°
to 90°, clockwise) and areas that were south-facing (90° to 270°, clockwise) by creating an
aspect raster using 5-meter USGS National Map 3DEP elevation models (USGS 3DEP, 2019)
and resulted in a north-facing and south-facing raster for the 2001 and 2016 images. North- and
south- facing spectral profiles were created for the deciduous, evergreen, and early successional
endmembers for each raster using manually selected training data. Training data were selected
using Maxar Technologies WorldView-2 0.5 meter imagery from September 2016, freely
provided by ESRI via the World Imagery Wayback service, which extends back to February,
2014. Spectral unmixing and fractional coverage analyses were performed using the “Linear
Spectral Unmixing” tool in ArcGIS Pro, with adjusted parameters requiring that the output for
each pixel sums to one (i.e. endmembers assumed to compose entirety of pixel), and that
fractional coverage values cannot be negative (i.e. any given endmember accounts for 0% to
100% of the pixel area). A false-color image was created assigning endmembers to RGB colors,
with 100% deciduous to blue, 100% evergreen to green, and 100% early successional to red
(Figure 8). Thus, the color of each pixel represents the estimated fractional coverage with the
three RGB color bands adding to 100%. The north- and south-facing raster subcomponents were
mosaicked together for both Fall 2001 and Fall 2016 and the fractional coverage rasters were
clipped to areas of zero, one, and two wildfires. The change in proportion of each endmember
between the 2001 and 2016 was calculated by subtracting the 2001 fractional coverage raster
from the 2016 raster. The resulting change in endmember sub-pixel proportions for each wildfire
frequency were exported as .csv files for statistical analyses in R. One hundred nonparametric
pairwise rank sum tests with Benjamini-Hochberg correction (α = 0.05) were conducted on
random subsets of 500 datapoints per wildfire frequency for each landcover endmember.
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Average p-values of these iterated multiple comparison tests were calculated to determine if
there is a significant difference in the change in sub-pixel coverage between the coniferous and
deciduous endmembers from 2001-2016 associated with fire. A second test utilized the randomly
sampled raw data from the final loop of the previous test to create nonparametric 95%
confidence intervals for each endmember-fire frequency to quantify the change associated with
wildfire.

3. Results
3.1 Geospatial Trends
The AICC boreal wildfire perimeter records from 1970–2019 revealed temporal trends in
wildfire regime characteristics. Reported average fire frequencies have increased from ~25 fire
events per year in the 1970s-1980s to nearly triple that between 2000 and 2010, reaching a
maximum of 272 fires in 2015 and more than 100 fires per year since 2000 (Figure 9A). In
addition, annual wildfire burn area has increased through time, with five of the six fire seasons
characterized by a total burn area of more than three million acres occurring in the last two
decades. Furthermore, extreme wildfire years with more than 4 million acres burned have
occurred three times on record, and only began in 2004 (Figure 9B). Spatially, the boreal study
domain has experienced wildfire activity on 25.5% of its land area since 1970, equating to
~172,000 km2 out of a total land area of ~669,000 km 2. Landscapes with two or more burns from
1970 to 2019 constitute ~13% of the total burned area (Figure 10). While historically dominant
in lowlands, between AICC wildfire perimeter data and elevation have yielded an increase in
mean wildfire elevation from 256 m in 1970 to 331 m in 2019, while maximum fire elevation
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increased from 773 m to 1240 m during the same period (Figure 11). Comparing wildfire
locations to the NLCD landcover raster revealed preferential fire occurrence in coniferousdominated forest stands. In 2001, coniferous forests accounted for 41.7% of the boreal study
domain and 49.4% of total area burned between 2001 and 2011. In 2011, coniferous forests
accounted for 29.7% of the boreal region and 44.2% of total burn area between 2011 and 2016.
Analysis of post-fire vegetation recruitment using NLCD and AICC datasets reveal a
decline in forest cover through time, with a corresponding increase in early successional
vegetation. Between 2001 and 2016, the percentage change for all vegetation classes in burned
areas was -50.0% for coniferous forests, -19.3% for deciduous forests, -27.7% for mixed forests,
and +48.5% for early successional classes (Figure 12). While all forest classes decreased in total
area, the rate of conversion from coniferous to deciduous forests in burned areas was 3.3 times
higher than unburned areas, resulting in an increase in the deciduous to evergreen ratio from
23.4% to 37.8% in burned areas (Figure 13). In contrast to significant changes in forest cover in
burned areas, the percent change for these vegetation classes in unburned areas were -0.85% for
evergreen forests, -0.92% for deciduous forests, -0.79% for mixed forests, and +0.56% for early
successional forests, with minimal change in the deciduous to evergreen ratio.
The NLCD landcover evolution raster allowed for per-pixel mapping of landscape
transitions through the 2001-2011-2016 time sequence, revealing widespread changes in
landcover (Figure 3, see section 2.4). When observing the evergreen, deciduous, and early
successional endmembers for the entire vegetated boreal study domain, 91.8% of the land area
remain unchanged throughout this period. Isolating regions of zero, one, and two or more fires
highlighted enhanced landcover change for evergreen and deciduous forests, to corroborate the
findings from the previous landcover change test. This analysis also has determined that despite
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the observation that both forest endmembers decreased in absolute area, boreal forest stands were
more likely to transition towards the deciduous forest endmember compared to evergreen forests.
Unburned, once-burned, and twice-burned areas were 1.6, 3.4, and 4.9 times more likely to
transition towards the deciduous endmember compared to the evergreen endmember,
respectively.

3.2 Landsat 8 and Sentinel-1 Canopy Coverage
ANOVA tests (α = 0.05) of Spring and Fall Landsat 8 and Sentinel-1 imagery reveal
statistically significant differences in reported EVI and SAR signals for regions that had
remained evergreen from 2001-2016 and regions that converted to deciduous vegetation (Table
1). Furthermore, subsequent ANOVA tests revealed significant differences in EVI for different
combinations of landcover conversions and burn frequency (F5, 2994 = 7.6, p<0.00001 and F5, 2994
= 8.4 p<0.00001 for Spring and Fall, respectively). ANOVA tests also revealed significant
differences in SAR VH backscatter for different combinations of landcover conversions and burn
frequency (F5, 2994 =5.1, p<0.0001 and F5, 2994 = 7.5, p<0.0001 for Spring and Fall, respectively).
Tukey HSD tests suggest that Landsat 8 EVI and Sentinel-1 VH and imagery can distinguish
biomass changes and changes in canopy structure for areas that have experiences different fire
frequencies (Figure 14). For example, Landsat 8 EVI, a biomass proxy, can distinguish all fire
frequency transition combinations for both spring and fall study periods. This spectral index
indicates a strong negative relationship between biomass and fire frequency in spring months and
a strong positive relationship between these variables in fall. Sentinel-1 VH backscatter, a proxy
for canopy structure and roughness, is capable of distinguishing regions that have not burned and
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regions that have burned but differentiating between areas of one versus two or more fires is less
reliable for all imagery. While Sentinel-1 imagery yields less significant results, a general trend
remains evident that canopy structure decreases from regions of no fire to regions of one or more
fires (Figure 14).

3.3 Landsat 7 and Landsat 8 Fractional Coverage
The simulated nonparametric multiple comparison tests (α = 0.05) used to determine the
legacy of wildfire on proportional forest type yielded significance differences in regions of
variable fire recurrence. Areas affected by one and two or more fires displayed significant
decreases in proportional coverage of evergreen compared to areas with no fires (p < 1.00e-18
and p < 1.00e-33, respectively). However, regions of one versus two or more fire regions were
not significantly different from each other (p = 0.14) (Figure 15A). The same test was conducted
on deciduous landcover proportional change and showed significant differences between non-fire
and one fire regions (p = 1.00e-05) as well as regions of one fire versus two or more fires (p =
0.013). However, unburned areas and areas of two or more fires were not significantly different
(p = 0.27) (Figure 15B). Boxplots and subsequent confidence intervals of a randomized set 500
pixels for each endmember indicated that the proportion of evergreen coverage in unburned areas
changed very little between 2001 and 2016 (Figure 16A-D) (μ = -2.36% [-5.23%, 0.51%])
compared to large proportional decreases in burned areas (μ = -25.35% [-28.55%, -22.15%] and
μ = -32.15% [-35.16%, -29.4%] for one and greater than one burns, respectively) (Figure 16AB). Fractional coverage of deciduous forests showed a similar decrease as evergreen forests for
regions of zero and one fire (μ = -6.23% [-9.27%, -3.18%] and μ = -21.59% [-24.99%, -18.18%],
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for zero and one fire, respectively). However proportional coverage of deciduous forest in areas
that burned two times was higher than coverage in areas that burned only once (μ = -10.04% [14.26%, -5.83%]).

4. Interpretation and Discussion
4.1 Climate-Fire Relationships in Boreal Alaska
Enhanced climate warming in the high latitudes may result in significant changes in fire
regime characteristics in boreal Alaska. Increased mean summer temperatures and decreased
annual precipitation result in enhanced fuel connectivity and dryness, priming the landscape to
support wildfire events (Young et al., 2016). Natural wildfires, initiated by lightning, are
estimated to be responsible for 90% of wildfires by burn area, including 2004, 2005, 2009, and
2015, the most extreme years on modern record (Veraverbeke et al., 2017). Accelerating trends
in the boreal fire regime are most clear in AICC wildfire perimeter data, as wildfire counts triple
from 25 to 75 between 1970 and 2019 and the most significant years, with more than 3,000,000
acres burned, all occurring after 1990, with five of these six years occurring since 2004 (Figure
9A-B). Since 1970s, 25.5% of boreal Alaska has burned, with ~13% having burned twice or
more.
In addition to higher fire frequencies in regions historically expected to burn, Alaskan
wildfires are occurring at elevations and latitudes which had FRIs on the order of thousands of
years as determined through paleorecords (Kelly et al., 2013, Chipman et al., 2015). In the
modern observations since 1970, these anomalous fire occurrences can be seen in the wildfire
elevation data, which records that mean annual wildfire elevation increasing by 1.50 m y -1 and
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maximum wildfire elevation increasing by 9.35 m y -1. The increasing trend in wildfire elevations
suggest that previous wildfire seasons have already consumed significant swaths of lowland
vegetation, thus requiring these areas to regenerate before accumulating enough biomass to
sustain subsequent fires and constraining fire activity to upland areas. Alternatively, and perhaps
more concerningly, temperatures may have increased enough at these high latitudes to permit the
migration of both fire-adapted species and deciduous species to higher elevation areas, primarily
along the northern edge of the boreal range near the southern Brooks Range (Euskirchen 2009,
Mekonnen 2019). Our identification of increasing trends in both average and maximum wildfire
elevations throughout the historical record suggest that a combination of warming temperatures
and vegetation dynamics are already impacting key characteristics of the Alaskan boreal fire
regime.

4.2 Spatiotemporal Trends in Landcover Associated with Fire
It has been proposed that Alaska’s boreal fire regime and associated vegetation structure
will likely respond nonlinearly to changes in temperature and precipitation, resulting in
potentially persistent changes in forest type (Young, et al., 2017, 2019; Mann et al., 2012; Lloyd
et al., 2013). Changing wildfire regime characteristics, such as frequency and severity, are
primarily occurring in evergreen-dominated forests (Duffy et al., 2007), and our analyses support
the assertion that evergreen-dominated stands have burned at a disproportionate rate in recent
years. Specifically, we found that between 2001–2011 and 2011–2016, evergreen-dominated
forests accounted for 15.6% and 48.8% more burn area, respectively, than expected based on
total proportional area. In addition, the percentage change of land area for evergreen forests
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decreased the most (-50.0%) over this 15-year period compared to other vegetated landcover
types. Specifically, deciduous forests experienced lower declines in land area relative to
evergreen types (-19.3%). The preferential burning of species such as black spruce, in tandem
with an observed failure to recruit post-fire, may result in a potential shift in dominant boreal
forest composition to more deciduous-dominated stands (Kasischke et al., 2010; Mann et al.,
2012).
In support of this, we find that the ratio of deciduous forests to evergreen forests has
increased from 23.4% to 37.8% through the 2001-2016 NLCD temporal range. In addition to
being more resistant to combustion, deciduous forests appear to better establish themselves in
areas that have burned, with recruitment rates approximately 3.4 and 4.9 times higher than
evergreen in areas which had experienced one and two or more fires, respectively. According to
NLCD landcover data, the rates of change in unburned areas was less than 1% for all forest and
early successional classes, which strongly suggests that fire is the dominant control of vegetation
change rather than climate. Modern wildfire records indicate that 21st century wildfire seasons
have strongly intensified, which resulted in increasing temporal trends in fire frequency and burn
area compared to fire seasons in the late 20 th century. Between 2001–2016, boreal Alaskan
wildfire perimeters revealed preferential burning of evergreen forest types, which have decreased
in landcover area by -50.0% compared to mixed forests and deciduous forests, which have
decreased by -27.7% and -19.3%, respectively. These changing dynamics, identified by these
geospatial analyses, supports the hypothesis that deciduous species can outcompete fire-adapted
evergreen taxa with increased fire activity. Our results suggest that deciduous forest types
established 3.3 times more in areas of high fire recurrence since 1970 (modern FRI < 50 years)
compared to non-burned areas (modern FRI > 50 years). This preferential establishment may be
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enhanced in regions of two or more fires since 1970 (modern FRI ≤ 25 years). Changes in
vegetation types for regions of zero recorded fires were less than 1.0% for all landcover classes,
which further supports the theory that fire, rather than climate, is the most likely driver of these
vegetation changes.
While inferences can be made solely through the utilization of geospatial products, these
studies have inherent limitations that should be considered. Climatologically, Alaska is a difficult
study area for optical remote sensing techniques because the state experiences annual mean
cloud cover of 65%–75% (Alaska Climate Research Center, http://akclimate.org/, data accessed
June 2021), which severely limits available imagery for analyses and often requires combining
imagery from several orbital passes to develop imagery of a study domain. This is exemplified
by the NLCD landcover products, which must utilize Landsat imagery from summer months of
three years to create a landcover product for the entire state. A further limitation of this research
is that the only wildfire regime characteristic observed is frequency while severity is a major
factor in post-fire recruitment. Lastly, these landcover products discretize the landscape into
relatively binary classes despite the fact that mixtures of different landcover types being present
be expected in most 30 m x 30 m pixels.

4.3 Variability in Biomass and Forest Canopy Structure Associated with Fire
EVI values were higher in forests that converted from evergreen to deciduous than nonconverted forests for both Spring and Fall imagery (Figure 14A-B). Higher EVI, which is a
proxy for biomass, is expected in deciduous relative to coniferous forests because forests
dominated by deciduous Populus tremuloides (quaking aspen) tend to be more productive, as
measured by gross primary productivity, than the forests dominated by coniferous Picea mariana
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(black spruce) in boreal Alaska (Jin et al., 2012; Sims et al., 2008). The consistently elevated
EVI values in deciduous stands relative to those that remained evergreen-dominated for all burn
categories may be compounded by the differences in canopy structure between these species.
Evergreen canopies are very vertically oriented, with regularly distributed branches and needles
along spruce trunks along the entire height of the tree (Viereck, 1983). While black spruce trees
might have well-developed canopies, nadir satellite imagery will diminish its apparent biomass,
as only the top of the canopy will be detected. In contrast, quaking aspen is intolerant to shade
and preferentially allocates its leaves towards the top of the tree (Rehfeldt et al., 2015; Zegler et
al., 2012). Despite having less volume, the canopy of this deciduous species tends to have a
larger cross-sectional area, resulting in greater canopy biomass detected from nadir sensors.
In Spring imagery, reported EVI decreased in burned areas compared to unburned for
both evergreen to evergreen and evergreen to deciduous areas (Figure 14A). This decreased
biomass within each transition class is likely a result of reduced forest density and forest stand
age in burned areas, yielding lower canopy coverage, volume, and connectivity (de Groot et al.,
2013; Johnstone et al., 2020). The magnitude of the decrease in EVI with fire for both single fire
and two or more fires is slightly higher for evergreen forest types, which likely reflects the standreplacing nature of fires in spruce dominated stands versus the lower severity fires that tend to
occur in aspen-dominated stands (Brown & DeByle, 1987). In Fall imagery (Figure 14B), EVI
values increased in burned areas compared to unburned areas. As the majority of fires in the
boreal forest occur during the warm season, we interpret the Fall imagery as reflecting post-fire
conditions. Greater post-fire EVI for burned areas may be attributed to the combustion of duff
that clears the forest floor of forest litter while fertilizing the soil and enhancing the
establishment of understory vegetation such as herbaceous plants and shrubs, especially on
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ground no longer shaded by an established forest canopy (Alexander & Mack, 2015; Melvin et
al., 2015). The difference in fall EVI values between burned and unburned areas is greater for
areas that transitioned to deciduous forest relative to those that remained evergreen. In fire
affected regions, fall EVI likely increased because deciduous stands have an increased likelihood
of surviving wildfire events while preserving their canopies and still providing more room for
understory growth (Jean et al., 2020). This contrasts with black spruce forests, which tend to
experience stand-replacing wildfires and thus are likely dominated by understory vegetation with
less contribution of canopy biomass to EVI estimates.
Sentinel-1 VH C-band SAR backscatter directly measures surface roughness as a proxy
for canopy structure (Rüetschi et al., 2017). Similar to the EVI biomass patterns, converted
forests have increased canopy roughness (i.e., less negative dB values) compared to regions
which have remained evergreen (Figure 14C-D). This is expected because deciduous canopies
have greater cross-sectional area and connectivity, providing more opportunity for both directreflection scattering and volume scattering of C-band transmissions, enhancing backscatter
returns. SAR backscatter values show decreasing trends in canopy roughness (i.e., more negative
dB values) from unburned to burned areas in both spring and fall for both forest types, although
the difference between areas that burned once versus those that burned two or more times is
variable. This decreased roughness is primarily associated with diminished forest stand density
and maturity in fire-affected areas (Chen et al., 2018). Furthermore, understory vegetation
growth is expected to be less developed in more frequently burned regions. Like EVI, evergreen
to deciduous forests have increased backscatter compared to evergreen to evergreen because
deciduous species such as balsam poplar and quaking aspen are more likely to survive a fire
(Mack et al., 2021). Therefore, their canopies are likely older than the most recently recorded
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wildfire event. Consequently, a deciduous forest stand is expected to have increased variance in
tree ages and therefore a more complex structure (Rüetschi et al., 2017).

4.4 Post-Fire Recruitment of Deciduous Versus Evergreen Stands
The biomass and canopy structure tests offer some insight into how surface properties of
persistent evergreen and transitional evergreen to deciduous forest types may change in reponse
to fire. However, our fractional coverage analysis (95% CI) may help better discern patterns of
endmember recruitment between 2001 and 2016. Predictably, the change in proportional
coverage of the evergreen and deciduous endmembers remained relatively unchanged for
unburned areas since 1970 (modern FRI > 50 years). Both evergreen and deciduous forests
decreased significantly in regions of one fire (modern FRI < 50 years) with changes in
percentage coverages of -25.35% and -21.59%, respectively. Most notably, regions of two fires
(modern FRI ≤ 25 year) enhanced evergreen stand losses (-32.15%) while deciduous stands had
higher percentage coverage (-10.04%) relative to once-burned areas than evergreen stands. These
trends suggest that evergreen forests outcompete deciduous forests in infrequently burned areas,
while deciduous species are more competitive in frequently burned areas.
While AICC and NLCD data provides valuable broad-scale insights into temporal
variability in the fire regime and forest succession associated with fire, the inherent discretization
of landscapes into defined landcover classes inhibits sub-pixel and proportional change analyses.
The utilization of blue to shortwave infrared bands of Landsat 7 and Landsat 8 allowed for more
nuanced insights into the proportional change of vegetation endmembers through spectral
unmixing and fractional coverage analyses. Unexpectedly, despite evergreen forests being
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adapted for wildfire, this endmember recorded a slight decrease (μ = -2.36 [-5.23, 0.51]) in
proportional coverage in non-fire areas. These areas correspond to regions with FRIs > 50 years,
and we suspect that these decreases may be attributed to the legacy of fires predating our 1970 –
2019 temporal range. Despite potentially diminishing over time in response to increased fire
frequency, these fire-adapted evergreens are more common than deciduous species (μ = -6.23 [9.27, -3.18] in these areas with a long FRI over the observational record, demonstrating the
ability of evergreen to outcompete deciduous species under historical fire regimes that allow for
sufficient tree maturation and seedbank development (Viereck, 1983). However, the decrease in
fractional coverage of evergreen taxa in areas that experienced fire since 1970 demonstrates a
progressive decline in competitive recruitment in regions with a fire frequency less than 50
years. The proportion of deciduous vegetation cover was also lower in areas that experienced a
fire since 1970 versus unburned areas. However, the partial recovery of proportional change in
deciduous forests towards the values expected in non-fire areas in areas that have burned more
than once over the study period suggests that deciduous species are more resilient than fireadapted evergreens in areas with extremely high fire recurrence intervals (ie, < 25 years).
Although the fractional coverage analysis was only performed on a subset of the boreal
biome that showed greatest deciduous conversion, the overall pattern corroborates with broaderscale analyses based on geospatial datasets. These deciduous forests are, perhaps, more resilient
to more frequent burning because they decrease the probability of sustaining a fire after a
lightning strike as well as reduce the severity of wildfires when they occur. Both the reduction in
frequency and severity may be attributed to the absence of fire-sustaining adaptations seen in
black spruce, such as resin and wax production and the ladder-like branch distribution along the
main trunk, which promotes crown fires (Buma et al., 2013).
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The geospatial and fractional coverage analyses are broadly consistent and suggest that
coniferous forests were preferentially burned, and deciduous forests can replace evergreen
species in high-frequency fire areas. However, data limitations prevent us from confidently
predicting the future trajectory of vegetation dynamics in the Alaskan boreal biome. NLCD data
spans a 15-year period from 2001–2016 and studies indicate that shrub and scrub species are
gaining land area approximately equal to the loss of land area of forests, and thus represent the
primary mode of vegetation change captured in this study. As these shrubs and scrubs represent
only the early-successional state of forests following severe wildfires, it is uncertain if these
areas will transition towards evergreen or deciduous forest stands. We speculate that a largeproportion of fire-affected regions of boreal Alaska may transition towards deciduous forests on
the decadal timescales, especially in highly flammable areas such as the Yukon Flats that have
experienced severe and high-frequency burning over the observational record. Furthermore,
subsequent fire-affected regions, particularly evergreen forests will be less resilient to fires as
they have been in the past, as suggested by a decline in the likelihood of post-fire recruitment in
burned areas, as well as loss of tree density as suggested by both EVI and changes in canopy
roughness captured in the Spring Landsat and Sentinel imagery, respectively.
Although inherently limited in spatial scope, in situ studies provide the most accurate
assessments of post-fire forest trends, at least at smaller scales. Published in situ research of
south-central and south-eastern boreal Alaska has determined that black spruce accounted for
over 50% of total tree biomass only at sites with a soil organic layer > 8 cm (Shenoy et al.,
2011). Aspen (Populus tremuloides) accounted for 90% of tree biomass at sites with shallow
organic layers (< 4 cm) (Shenoy et al., 2011). As wildfires increase in frequency and severity,
these organic layers are expected to be partially or significantly destroyed, likely resulting in
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deciduous recruitment. Post-fire stand composition is largely determined during the first few
years following a wildfire event (Gutsell and Johnstone, 2001; Johnstone et al., 2004). In low fire
frequency areas (FRI > 100 – 150 years), aspen is expected to peak 10-20 years following a fire
and subsequently decline during years 20-40, whereas evergreen stand density remains largely
unchanged (Johnstone et al., 2004). With climate warming and the subsequent decrease in FRI
(Balshi et al., 2009), more boreal area is experiencing fire return intervals less than 50 years,
exceeding black spruce fire frequency tolerances, and encouraging persistent deciduous
recruitment. The influence of enhanced deciduous recruitment may in turn modify the
flammability of the landscape and reduce fire occurrence and severity, even as climate conditions
continue to be conducive to burning. Although this potential negative feedback to the fire regime
has yet to be detected given the short observational data at present, our study provides
benchmark data for ongoing remote sensing and in-situ studies to contextualize future changes in
both vegetation structure and the fire regime.

5. Conclusion
Anthropogenic climate change may be intensifying climate-driven wildfire regime
characteristics in the boreal forest, potentially resulting in widescale and persistent changes in
vegetation structure and carbon sink/source dynamics through the destruction of forests and soil
organic matter. More importantly, complex climate-fire-vegetation feedbacks may result in the
loss of evergreen vegetation types and enhanced recruitment of deciduous vegetation, which can
have non-linear feedbacks on ecosystem function and may decouple fire-regimes from climate
by decreasing overall landscape flammability. While not without limitations, the utilization of
remote sensing allows for unprecedented access to surficial processes in areas of relative
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inaccessibility. Geospatial analyses yielded significant declines in fire-adapted evergreen
populations and lesser declines in deciduous species for wildfire-affected regions. Despite
overall forest declines, preferential deciduous recruitment, relative to evergreen recruitment, is
present for all measured burn frequencies (FRI < 50 years) in all geospatial and remote sensing
analyses, suggesting widespread deciduous recruitment may become common in future decades
in Alaskan boreal forests that experience short-interval fires. Furthermore, the uptick in
deciduous proportional coverage recorded in two or more fire regions (FRI ≤ 25 years) is an
important finding because areas with rapid fire events may begin to exhibit enhanced resistance
to burning, resulting in decreasing local fire frequencies and severities. The observed low
wildfire occurrence in deciduous stands compared to evergreen stands across the Alaskan biome,
based on proportion of vegetation present versus proportion burned, corroborates findings
observed in both paleorecords and modern studies, suggesting that deciduous forests moderate
fire regimes.
While the analyses in this study identified important trends in deciduous recruitment
associated with fire, it cannot alone provide insights into the future trajectories of these
landscapes. Our analyses show that most of the fire-affected regions in Alaska have been
established by early successional vegetation and will require several decades for forest
recruitment to take place. The question still remains: “Will early successional landcover that
dominates recently burned areas in Alaska transition to deciduous or evergreen dominance, and
how will that impact climate-driven fire activity in the boreal biome?” At present, the
observational period is too short to capture post-fire vegetation recruitment to full forest
conditions following recent fires. Although a remote sensing-based approach requires the
recruitment and maturation of these forests for detection, coupling remotely sensed datasets with
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a network of in situ observations of post-fire recruitment may provide advanced insights into the
future of boreal Alaska. Such coupled research can provide additional information into post-fire
vegetation trajectories and spatial patterns across the Alaskan boreal biome. For example, the
incorporation of fire severity data from compiled resources such as the Monitoring Trends in
Burn Severity Database coupled with field-based calibration data can provide greater insights
into the linkage between wildfire severity, post-fire recruitment, and forest resilience.
Specifically, such coupled studies can examine significant difference in “typical” burn severities
of evergreen and deciduous forests and determine if burn severity is decreasing in in areas that
have undergone coniferous to deciduous transitions. Lastly, plot-based studies of high elevation
fires could also provide insight into how both climate and fire may be changing vegetation
characteristics in increasingly flammable upland areas.
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Figures

Figure 1. A) Outlines the boreal ecoregion study domain and displays the 2001 NLCD
landcover product and a simplified legend. B) AICC wildfire perimeter data from 1970-2019
color-coded by decade, with more recent fire polygons overlying older fire polygons. C)
Summer (June-August) mean temperatures and D) mean annual precipitation from 1981-2010
(PRISM, data accessed June 2021). Fairbanks International Airport is marked with the
airplane symbol.
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Figure 2. NLCD landcover from A)
2001, B) 2011, C) 2016, processed to
only include landcover classes relevant
for wildfire recruitment and forest
succession. These classes are deciduous
forests evergreen forest, mixed forest,
and shrub/scrub. Pixels representing
other landcover classes have been
removed from these processed rasters.

B

C
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Figure 3. Conceptual framework of how per-pixel landcover transitions through the NLCD
2001-2011-2016 time sequence were encoded as unique numerical identifiers and subsequently
categorized into groups which represented landcover transitions towards a given vegetation type
(deciduous, evergreen, early successional, and mixed), or no change. Step 1) NLCD 2001, 2011,
and 2016 vegetation types were re-assigned unique values. Step 2) A unique number was
created for each landcover change sequence throughout the timeseries by adding the values
associated with each landcover type for each year. Step 3) The final vegetation description of
each landcover transition based on the three-step unique number.
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Figure 4. Boreal Alaskan vegetation landscape evolution from 2001 to 2016. This raster dataset
was created by grouping each per-pixel three-step landcover sequence into general vegetation flow
direction (see Figure 3). These groups represent areas of no change (black), landcover trends that
indicate transitions towards evergreen forests (green), transitions towards early successional
species (pink), and transitions towards deciduous forests (orange).
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Figure 5: A heatmap of landcover pixels that have undergone an evergreen to deciduous
transition between 2001 and 2016. This dataset shows a high density of deciduous recruitment
near to US–Canadian border and in the highly flammable Yukon Flats.
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Figure 6. The SAR/EVI study region derived from the heatmap (Figure 5) contains the highest
coniferous to deciduous conversion with variable burn frequencies. Areas of variable wildfire overlap
have been clipped to the red bounding box. Areas that have experienced one and two or more fires
from 1970 – 2019 are represented by cyan and pink, respectively. Uncolored regions (grey base-map)
indicate non-fire locations.
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Figure 7. The region of interest (red outline) for fractional coverage analysis a generalized
version of the study domain from the previous test. Areas of variable wildfire overlap have
been clipped to the red bounding box. Areas that have experienced one and two or more fires
from 1970 – 2019 are represented by cyan and pink, respectively. Uncolored regions (grey
base-map) indicate non-fire locations.
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Figure 8. Spectral Linear unmixing and fractional coverage analyses was used to estimate
sub-pixel proportions of vegetation endmembers as seen in this arbitrary location. Coverage of
early successional, evergreen, and deciduous forests are represented by red, green, and blue,
respectively. Mixed colored pixels, such as purple, represent the presence of both early
successional and deciduous endmembers.
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Figure 9. A) The number of recorded wildfires from 1970 to 2019 using AICC wildfire
perimeter data. B) Annual wildfire burn area by year.
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Figure 10. AICC wildfire burn areas from 1970-2019 with color indicating the number of
recorded wildfires in that area.
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Figure 11. Average wildfire location (yellow, square) is increasing by approximately 1.50
meters per year. Maximum wildfire elevation (red, triangle) for each year is increasing at 9.35
meters per year.
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Figure 12. The percentage change in land area of various vegetation classes in 2011 and 2016
relative to the 2001 NLCD landcover product.
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Figure 13. The ratio of deciduous forest area to evergreen forest area over the 2001-20112016 timeseries for burned (red) and unburned (black) areas.
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Figure 14. Four individual Tukey HSD tests were conducted on Landsat 8 EVI and Sentinel-1
VH Spring and Fall composite images. Letters indicate if a given landcover transition-fire
frequency combination can be differentiated as a unique population.
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Figure 15. P-value distributions from the simulated multiple comparison tests for the
evergreen endmember (A) reveals highly significant differences between burned (Ai, Aiii)
areas and unburned areas (Aii). B) Identical tests were conducted using the deciduous
endmember (B), resulting in significant differences in fractional coverage of areas that had
burned once vs. unburned areas (Bi), and areas that have burned once vs. two times (Bii).
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Figure 16. Evergreen forests decrease in proportional pixel coverage as a function of wildfire
frequency. B) Deciduous forests are more likely to decrease in coverage in non-fire areas but
display greater reproductive fitness than evergreen in regions of two fires. C) 95% confidence
for evergreen pixel coverage. D) 95% confidence interval for deciduous pixel coverage.
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Tables

Table 1. Two-tailed one-way ANOVA tests were conducted on Spring and Fall seasonal
composite images. Population means (μ) and standard deviations (σ) are reported in the form “μ
(σ)”
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